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INTRODUCTION
The Shiley School of Engineering tasks each engineering student in their senior year with
the completion of a senior design project. Faculty sort students into teams based on their interests
and each team is assigned to a project, usually proposed by a representative from various
industries. This report details the research, development, and testing of a distal limb pressure
device, a therapeutic device for patients with lymphedema, proposed by Dr. Nathan Kemalyan.
Engineering students Nicholas Nelson, Olivia Beckham, Jenna Fortner, and Kiley Gersch carried
out research and design in the Fall semester of 2018 and development and testing in the Spring
semester of 2019.
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BACKGROUND:
Observations:
Proposed projects in engineering typically start with observations of a prevailing
problem. Dr. Nathan Kemalyan, a former burn and hernia surgeon with Legacy Health Systems
has had extensive experience via his patients with a condition known as lymphedema.
Lymphedema is a condition resulting from insufficiencies in an individual’s venous system,
causing swelling in the distal limbs. Swelling, especially in the ankles, is a symptom that
seriously inhibits peoples’ ability to walk and be on their feet for long periods of time. Some
swelling management solutions exist, but none are fully adequate to address the lifestyles of
active individuals. From these observations, Dr. Kemalyan, an active proponent of engineering
senior design projects, came to the University of Portland to sponsor a project to create a “distallimb pressure boot”.
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Physiology:
In order to properly approach an engineering design project, especially in the realm of
biomedical and therapeutic devices, a thorough understanding of the underlying physiological
mechanisms is required to create an optimal solution. The first major component of work for this
project was research conducted over the summer and first two months of the fall semester.
In over 4 million Americans, damages to the circulatory systems of the body due to
complications with pregnancy, aging, diabetes, and injury, among a host of other causes, result in
lymphedema [1]. High pressure in lower limbs, generally from gravity, causes blood cells,
proteins, and other fluids to seep through the walls of veins into the interstitial spaces of soft
tissues [2]. The accumulation of fluids in the tissues of an individual’s arms and legs
characterizes lymphedema and manifests itself as swelling [3].
In a healthy calf, the circulatory system uses three primary components to help propel
fluids upward, against gravity. First, blood pressure induced by the heart propels blood through
the body’s circulatory system. In most other areas in the body, pressure from one’s heartbeat is
enough to circulate fluids, but the lower limbs require some more assistance. During locomotion,
or walking, the circulatory in the calf and thigh is assisted by the calf muscle pump. Contractions
in the calf muscle from walking apply more pressure to those veins, assisting fluid flow. The last
mechanism that assists upward fluid motion are systems of ‘one-way valves’ which prevent fluid
from flowing backward [4].
The primary mechanism behind lymphedema’s fluid build up is damage to the venous
system, which effects the back-flow valves from working properly. The allowed back flow and
hydrostatic pressure that results causes the swelling that is characterized as lymphedema [4].
Figure 1 illustrates the difference between a healthy and diseased vein.
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Figure 1: An illustration of a healthy and diseased vein, which allows fluid backflow [1].
Lymphedema can be classified into 4 general stages of severity. The first is
asymptomatic, damage exists, but no swelling is apparent. In the second and third stages,
swelling becomes increasingly apparent. In these stages, pitting occurs where pressure applied to
the swelling leaves a noticeable indent which takes time to return. The volume of the lower leg
begins to increase in these stages, becoming particularly uncomfortable in the third stage, often
causing deviations in a typical walking gait. The fourth stage becomes incredibly severe. The
appearance of the leg becomes distorted, often inhibiting walking entirely [2].
Swelling accompanies a number of other complications in patients with lymphedema.
Swelling can occur unilaterally or bilaterally in the legs, depending on the nature of damage to
the venous system. Figure 2 illustrates unilateral swelling. Lymphedema also weakens the skin,
making it susceptible to damage or sores. Due to poor circulation, these sores can take an
extended amount of time to heal, increasing the likelihood of infection. The appearance of skin
also changes due to lymphedema. Skin can appear dry and stained from the leakage of blood into
the interstitial sites underneath the skin [2].
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Figure 2: A diagram showing unilateral swelling in the distal limbs [2].
Treatments and Existing Solutions:
From its proposal, this project sought to help manage the symptoms of lymphedema. To
create a worthwhile device, the design must aim to either improve upon existing solutions or to
become a solution where no others exist. Research into existing treatment and solutions was
conducted in order to find this space.
No cures exist for lymphedema that can directly reverse the effects of venous
insufficiency or weakening. Only management solutions for the symptoms and complications of
lymphedema exist. For all stages of lymphedema, current symptom alleviation methods include
elevation, compression, and exercise. These are recommended directives for symptom alleviation
because each assist with the mechanisms failing due to venous insufficiency. For more severe
cases of lymphedema, surgery or diuretic medications may be viable; however, there are many
post-operational risks and potential side-effects [5].
In terms of interventions or devices, the best route to symptom management is direct
compression of the afflicted limbs. Many patents and designs were evaluated. The team observed
that many of the existing, on the market solutions live on two sides of a functional spectrum.
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Compression stockings are simple garments that are widely available. Generally, they are
graded to apply a constant 15-40 mmHg of pressure to a user’s leg. This range of pressure, which
is the equivalent of around 0.5 psi, is considered a therapeutic pressure [4]. Compared to active
solutions, compression stockings are inexpensive and usable at any stage of lymphedema. They
also allow the user to remain mobile and wear any type of footwear. Some drawbacks exist,
however. The therapeutic pressure applied by the socks makes them extremely hard to put on or
take off, especially at higher pressure. This is worth considering in tandem with the fact that
individuals with lymphedema have less mobility than the average healthy person. Large
fluctuations in swelling day to day can also make it even more difficult for a user to don the
stockings if the user misses a day or two of use. The constant pressure also brings up concerns
for skin irritation or damage. As mentioned under physiology, people with lymphedema are
prone to sores or lesions. Folds in compression socks or long term use can cause severe sores if
left unattended.
On the other hand, inflatable trousers exist which provide modulated, alternating, and
sequential pneumatic pressure. Trousers apply pressure section by section up the leg, actively
facilitating the motion of fluid. The alternating pressure also avoids causing damage that is
common with compression stockings. Different disadvantages exist with inflatable trousers too.
Inflatable trousers require their users to remain immobile, with their legs elevated over the
course of their use in order to work. The active systems, which require electric air pumps, also
require the use of a wall outlet, further anchoring the user to a spot for a set period of time. These
systems also tend to be expensive, especially in comparison to compression stockings. Typically,
inflatable trousers need another individual to help operate them. Patients are often expected to
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come into lymphedema clinics for their use. The time commitment and immobilization of the
user are major drawbacks to inflatable trousers [4].
A functional spectrum exists between these two solutions, pictured in figure 3. On one
hand, inflatable trousers provide a highly functional, but not low-profile swelling management
solution. On the other hand, compression stockings are an extremely low-profile solution, but
with low function relative to the trousers. This observation guides many of the design decisions
made for this project.

Figure 3: Existing solutions for lymphedema management: (a) inflatable compression trousers
and (b) compression stockings [5].
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PROBLEM AND CRITERIA DEFINITIONS
A concise problem statement and set of criteria is imperative in guiding the engineering
design process. Based on information gleaned from research into the physiology of lymphedema
and the solutions that exist to manage lymphedema’s symptoms, an informed problem statement
can be made to guide the design of a therapeutic device. The following problem statement was
aimed at creating a middle ground between existing active and low-profile solutions.
“Create a low-profile, wearable device for active individuals which supplies sequential pressure
up the user’s calf to manage or lessen symptoms of lymphedema.”
In order to later evaluate the effectiveness of the developed device, a set of specific
criteria and constraints were developed to accompany the problem statement in guiding the
design process. The criteria and constraints were broken into two different categories of ‘Design
Constraints’ and ‘Functional Criteria’.
Table 1: Design Constraints
Description of Criteria
The profile should not exceed a thickness 1 inch from the surface of the leg
The weight should not exceed 1.5 pounds on the user’s leg
The final device’s cost of assembly should not exceed $150
The appearance of the device should meet the aesthetic criteria of the client
The device should pass a ‘breathability test’

Table 2: Functional Criteria
Description of Requirement
Maintains or reduces swelling in individuals with stage 1-3 lymphedema
Apply a massaging pressure up the leg
Apply pressures from 15-40 mmHg
Takes less than 90 seconds to don and doff
Slows walking speed by less than 10%
Reduces ability for ankle flexion/extension by less than 10%
Skews hip alignment no more than 10%

Priority
Rating
High
High
Medium
Medium
Low

Priority
Rating
High
High
High
Medium
Medium
Medium
Medium
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Each criterion was rated with a priority from high to low. Items with a higher ranking
were catered to and took precedence over lower priority criteria. The criteria and their priorities
support the goal of creating a device which may provide dynamic, oscillating or sequential
pressure while still remaining low-profile. Generally, these criteria are concerned with how the
device is low-profile, function, accessible, and usable.
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CONCEPT IDEATION
Brainstorming Ideas:
Given a problem statement and clear criteria, concept ideation can begin. This stage of
the engineering design process involved developing conceptual plans to meet the criteria set
forth. Brainstorming here included coming up with general ideas without necessarily fleshing out
the technical details of a complete device. The goal was to be able to evaluate hypothetical pros
and cons of each concept in order to choose which route may be the best.
The team developed three general concepts with the goal of providing sufficient rolling
pressure while remaining low-profile. These concepts for pressure application were fluid,
tension, and mechanical pressure devices. Figure 4 illustrates basic sketches of the three
proposed methods.

Figure 4: General sketches of (a) fluid, (b) tension, and (c) mechanical modes of pressure
application
The fluid mode of pressure application would involve the use of inflatable air bladders
secured around the calf. This mode is often used in currently patented or on-the-market solutions,
but it has room to be developed into a low-profile and portable device which would satisfy the
proposed criteria.
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The tension mode of pressure application would involve the use of cables or bands
around the calf which get pulled in tension through either active or passive actuation. This
method of pressure application is not currently used in lymphedema maintenance devices. The
idea has the potential for an extremely low-profile design.
The mechanical form of pressure application is best reflected in the idea of foam rollers
used to massage muscles in athletics. Using actuated rollers which would be driven up and down
the calf, a more than adequate amount of pressure could be usefully applied. It is difficult to
imagine an implementation of this design that is not bulky or overly complex in design, however.
Design Decision:
It is easy to get attached to a specific concept or idea in this part of the design process.
The members of this team developed each of the concepts for pressure application individually,
which can make it difficult to discern which idea is most suited to solving the problem at hand.
To make a more objective decision, the team implemented a design decision matrix, shown in
table 3. By simplifying and categorizing the given criteria and constraints of a project, the team
can discuss and predict how well each concept will be able to meet respective criteria. Weighting
and scoring each criteria and idea allows for a quantitative comparison between ideas.
Table 3: Design Decision Matrix
Criteria

Multiplier

Fluid

Tension

Mechanical

Massaging

5

5

2.5

3.5

Pressure Range

5

4.5

3

5

Weight
Thickness
Cost
Comfort
Ease of Use

4
3
2
3
4

3.5
3.5
5
4.5
4

5
5
4
5
5

2
2.5
3.5
3
2.5

Sum

111.5

105.5

84
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From the design decision matrix, the team decided that a fluid mode of pressure
application would best suit this project. While the idea for applying pressure through tension
could be low-profile, the team was concerned that it would not apply adequate pressure
consistently or be able to apply it sequentially without a complex system. The mechanical system
may have been adequate in applying pressure and in moving pressure up the leg, but it was
difficult to imagine its development without it being heavy and decidedly not low-profile. From
this matrix, the team made the decision to apply pressure using pneumatics.
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DESIGN AND SYSTEMS
Technical Design:
Given the design decision made for the general concept of the device, the team began to
develop the technical design of the project. The team dedicated the end of the first semester to
ironing out the systems and technical details of how a low-profile pneumatic device would
eventually look.
A general sketch of the final idea can be seen in figure 5. The team designed the device to
be a two layered garment to be worn on the calf. A lower layer would be worn to apply a
constant low pressure to the user’s calf. A second, clamshell layer containing a series of four air
bladders would then wrap around that lower layer. The air bladders would then connect to four
tubes directing air flow from a pump located somewhere else on the body. A control system
would be implemented to create sequential, massaging pressure application up the user’s calf by
inflating and deflating the four air bladders.

Figure 5: A general sketch of the final technical design
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Systems:
Development of the device took place in the second semester of the project. The team
broke the design down into 3 distinct subsystems to best delegate development of the device.
Splitting up the design into several roughly independent part allowed for independent work and
iterative design that is a requirement of a good engineering design process. The systems were the
Wearable System, the Air Bladder System, and the Valve & Control System.
Wearable System:
The wearable system is the primary system to directly interface with the user’s leg. This
system was designed with the criteria concerning ease of use and comfort in mind.
The innermost layer of the device is a specialized compression sock, consisting of three
different fabrics, as seen in Figure 6. The inner polyester/spandex fabric of the sock is
antimicrobial and moisture-wicking with a 4-way stretch. It was intended to help prevent
bacterial growth that could develop after wearing the sock and sweating all day. Such bacterial
growth could cause infection in sensitive regions of the skin, which may ulcerate or have lesions.
Infections could be detrimental to patient health, especially if gone untreated, so the team sought
to prevent as many of the risks as possible.
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Dual-layer
antimicrobial fabric
and compressive
fabric
Non-compressive
stretch mesh

Figure 6: Sketch of the device's compression sock component
A compression garment was requisite for the purposes of this project because it would
ensure that there was a compressive element that reached the foot, which also generally shows
signs of swelling due to lymphedema. The garment would then extend up the calf to ensure the
entirety of the distal limb would experience a degree of compression. A compressive
nylon/spandex fabric was layered on the external side of the garment to provide the necessary
compression. This fabric was added to give the garment additional structure and thickness that
the antimicrobial fabric alone lacked.
The second component in the wearable system was the outer pocketed wrap that
contained the airbag layer, pictured in Figure 7. The wrap consists of two layers of the
compressive nylon that are stitched together to create four pockets or channels for the airbags to
slip into from the sides. The compressive nylon provides external pressure to the airbags to
ensure that they do not balloon excessively when inflated, keeping the device low-profile. The
channels were curved to better fit the geometry of the calf. On the posterior side of the leg, there
is an opening for a tube fitting connected to each airbag and attached to the tubing that moves up
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the leg. Once the tube fittings are positioned at the back side of the leg, the user can pull the sides
to the anterior side of the leg and fasten the wrap using Velcro along the tibia.

Figure 7: Schematic of the wearable system, including the outer pocketed wrap and compression
sock.
Air Bladder System:
The airbag configuration and shape were chosen to best meet the criteria given and allow
for the most efficient system. The shape of the airbags can best be seen in Figure 8. The curve of
the airbags was modeled after the curvature of the compressive outer wrap discussed in the
previous section. The airbags were constructed from PVC-coated nylon that was heat welded
along the edges of the air bladders.
The air bladders experienced sequential inflation to apply peristaltic compression up the
leg. To reduce the chances of backflow, two airbags always had to be inflated at any given point
as the sequence moved up the leg. Numbering the airbags in Figure 8 from 1-4, with 1 starting at
the bottom, we would see airbag 1 inflate, followed by airbag 2 once airbag 1 attained the correct
pressure reading. Then, as airbag 3 inflates, airbag 1 deflates, while airbag 2 remains inflated.
Then, as airbag 4 inflates, airbag 2 deflates, and airbag 3 remains inflated. This pattern continues
indefinitely until the system is turned off, and it takes approximately one minute to complete a
single cycle of this motion.
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Figure 8: Curved airbags with tube fittings.
Valve & Control System:
The main purpose of the rotating valve was to allow for the direction of air into and out
of the air bladders in succession to create the peristaltic pressure application desired by the
criteria of the design.
The design of a custom valving system was necessary for this design. With high priority
criteria for a low-profile and low weight design, many existing methods for opening and closing
airways toward valves were either inviable, too bulky, or too complicated. A system of opening
and closing solenoid valves was briefly considered early in the design process, but it was not
implemented due to the stated concerns. Proposed layouts for these valving systems can be seen
in Figure 9, which portray how complicated or big they might have been.

Figure 9: Diagram and sequence for solenoid valve systems.
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To avoid problems that would have been created by a solenoid valve system, the rotating
valve was designed. The final design for the rotating valve can be seen in Figure 12. An
exploded view rendering of the valve can be seen in Figure 13. The valve works by rotating the
inner can of the valve between four different stages. The holes at the front of the inner can on the
left of Figure 13 are the inlet and outlet ports which connect directly to the inlet and outlet of an
air pump. Those two ports follow channels to the side of the inner can, where they line up with
the parallel ports of the outer can. A rubber strip with two holes was wrapped around the inner
can to create an air-tight seal between the outer can ports when the inner can is inserted. At each
port of the outer can and at the end ports of the inner can, 1/8” plastic hose barbs were added to
interface with vinyl tubing to direct airflow. SolidWorks drawings of this final iteration can be
found in Figure 70 Figure 71 in section A2.4 for the inner and outer can, respectively.

Figure 10: Final iteration of rotating valve attached to servo motor.

Figure 11: Deconstructed rendering of the rotating valve
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Each pair of parallel ports on the outer can act as one of four stages in the rotating valve.
One draws air from an air bladder into the air pump, which then pushes air into the other air
bladder. Air bladders were numbered in sequence moving proximally up the leg. The first stage
fills air bladder 1 with 3. The second stage fills bladders 2 with 4. The third stage fills bladders 3
with 1. The fourth and final stage fills air bladder 4 with 2. If there is no air to draw from a given
air bladder, a check valve by the pump opens to allow air in from the ambient system. By
inflating and deflating in this sequence, peristaltic pressure application is achieved.
In order to control the rotating valve, a control system needed to be implemented. The
entire system is controlled by an Arduino Mega 2560 microcontroller (Figure 12). This controller
acts as a brain to the system, providing power to all of the components of the system while
reading and sending signals to those components. The controller begins by powering the microdiaphragm pump (Figure 13) which delivers air to the air bladders through the rotating valve. An
MPRLS electronic pressure sensor (Figure 14) was used to read the pressure in the air bladders
and to indicate to the Arduino when a therapeutic pressure had been reached. When that signal
was sent, the Arduino would send the rotating valve to the next stage with the servo motor. A
flow chart for the control system can be seen in Figure 15.

Figure 12: Arduino Mega 2560
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Figure 13: Parker Hannifin T2-05 Micro Diaphragm Pump

Figure 14: The MPRLS pressure sensor shown at the left of the circuit

Figure 15: Overall interface and function of design components.
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The Final Prototype:
Each subsystem was fully prototyped and integrated in order to create the final prototype
shown in Figures 16, 17, and 18. The air bags were sewn into the outer wrap of the wearable
system and the entirety of the control system was housed in a fanny pack. With all systems
combined, the desired sequential inflation of the air bladders to a therapeutic pressure was
achieved. The final prototype was given the name ‘LymphGo’.

Figure 16: Final iteration of compressive garment and wrap pictured on last.

Figure 17: Final iteration of outer airbag wrap with channeled pockets, alongside fanny pack
containing electrical and mechanical components.
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Figure 18: Final design of curved airbags in pockets of outer wrap, pictured while being
inflated.
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EVALUATION OF DESIGN
With a final prototype constructed by the second half of the spring semester, the team
was able to use the criteria created earlier and evaluate the design.
Design Criteria Evaluation:
All of the design criteria given in Table 1 were met with the final prototype of the device.
The garment only extended 0.4 in (1cm) from the surface of the leg, maintaining a low profile.
The garment on the leg weighed 0.41lbs, which was less than the 1.5lb restriction. The final cost
of the device was $139. This cost is relatively inexpensive compared to inflatable trouser
systems. The client, Dr. Kemalyan as well as the team’s Faculty Advisor, Dr. Symons, agreed
that the device was aesthetically pleasing.
To evaluate breathability of the device. A breathability test was conducted and can be
seen in Figure 19. The test consisted of a set volume of water placed in one cup with a membrane
of the garment material used as an interfaced between that cup and another cup. The cups were
secured and inverted and the volume of water that passed through the fabric was used to evaluate
breathability, or the ability for the fabric to facilitate water away from the user. Three trials of
this test showed that the material was 11.9% permeable. This is low, but necessary as the device
internally had to be air tight in order to have inflatable bladders. Some comfort was sacrificed for
functionality.
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Figure 19: Breathability test setup.
With the functional requirements, the first criteria could not have been met in the time
frame given for this project. In order to test if the device “maintains or reduces swelling in
individuals with stage 1-3 lymphedema”, an experimental study would need to be carried out.
This would require the approval of an Institutional Review Board, access to test subjects, and
time to get reliable, long term results from use of the device. Evaluating this criterion was just
not feasible in the course of one academic year.
It was verifiable that the device provided therapeutic pressure in a sequential, peristaltic
action up the user’s leg. The pressure sensor in the control system verified that up to 40mmHg of
pressure could be applied and the action of the rotating valve provided sequential inflation and
deflation of the device’s four air bladders.
In the team’s use of the device, many of the accessibility criteria were evaluated. Our
primary test subject, our team member Jenna, was able to don and doff the device in 10 and 6
seconds respectively. This time is incredibly low compared to a healthy person putting on either
compression stockings or inflatable trousers.
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To evaluate how the device affects the motion of the user, the team carried out a motion
capture test. Motion capture is used in experimental biomechanics in order to evaluate the
movement of the subject using a series of cameras watching sets of retroreflective markers
placed on the subject. A capture of the motion capture software in parallel with the test subject
can be seen in Figure 20. The team evaluated Jenna’s walking gait with and without the device,
measuring walking speed, ankle and knee flexion, and hip height.

Figure 20: The motion capture software and experiment.
It was found in these trials that no significant effect was made on Jenna’s walking gait
during the use of the LymphGo prototype.
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CONCLUSION
This mechanical engineering capstone team was tasked with the creation of a wearable
device to apply sequential, therapeutic pressure to a user’s leg while allowing them to remain
mobile. Over the course of the 2018-19 academic school year at the University of Portland, the
team researched, developed, and tested a prototype of the LymphGo system, which uses
pneumatic pressure from a small pump with a rotating valve to inflate and deflate a series of air
bladders worn on the calf in sequence. The project was wildly successful, producing a prototype
meeting many of the paramount criteria set out for the project.
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